We present an experimental study on the local dynamics of parametrically excited waves at an air-water interface when defects are present in the wave pattern. The probability density function (PDF) of the local wave amplitude displays an exponential part for values close to the average amplitude and decreases sharply to zero for large amplitudes. The power spectral density (PSD) of the local amplitude fluctuations shows a power-law behavior over one decade which we relate to a regime of defect-mediated turbulence.
Introduction
Waves in out-of-equilibrium systems can display rich and complex behavior, ranging from stationary wave patterns to localized dissipative structures. When the wave system is forced far from its equilibrium state, its spatio-temporal coherence vanishes, large fluctuations take place and turbulent-like states appear [Manneville, 2004] . In wave systems, there are several of these turbulentlike regimes, depending mainly on the type of the bifurcating field. If it presents a cellular structure, the turbulent regime can be achieved by phase or amplitude fluctuations of the wave field. In the case of phase turbulence [Sivashinsky, 1977; Kuramoto, 1978; Shraiman, 1986; Rabinovich et al., 1990; Medeiros & Simões, 2001; Bertram & Mikhailov, 2003] , the amplitude of the wave pattern depends weakly on phase fluctuations. Therefore, no singularities in the wave pattern amplitude take place. When this separation between phase and amplitude dynamics no longer persists, the turbulent-like regime starts to be driven by imperfections in the pattern. In this defect-mediated turbulence [Coullet & Lega, 1988; Chaté & Nicolaencko, 1990; Coullet et al., 1998 ], the zeros of the wave amplitude appear at random over the pattern and display slow dynamics at large scales which in turn interact with the small scale dynamics of the pattern. If there is neither an intrinsic wavelength nor periodic structures, another weakly nonlinear regime causes a wave system to display wave turbulence [Zakharov et al., 1992] , where weakly nonlinear waves interact randomly, displaying power-law spectra and intermittency just like hydrodynamic fully developed turbulence.
In the case of an excited set of parametric waves, there has been theoretical [Zakharov et al., 1970; L'vov, 1994] and experimental [Wright et al., 1996; Holt & Trinh, 1996; Henry et al., 2000] studies on the interplay between patterns and wave turbulence. Nonetheless, to our knowledge, there has been no direct measurement of the local dynamical evolution of defects in pattern-forming systems and their role in the development of turbulent-like regimes, such as wave or defect-mediated turbulence. This is mainly due to the large time scales involved: to statistically resolve the rms fluctuations of the local amplitude of a pattern when defects are present, the measuring or acquisition time should be of several orders of magnitude the intrinsic time scale of the basic pattern.
In this letter we present an experimental study of the temporal evolution of the local amplitude of a stationary set of parametrically excited waves in a turbulent-like regime dominated by amplitudevanishing events.
Experimental Set-Up
A schematic representation of the experimental setup is shown in Fig. 1 . A 10 × 10 cm 2 Plexiglass container is filled with a 4 mm layer of water. In order to prevent evaporation of the fluid, the container is sealed with a Plexiglass plate and its temperature is controlled by circulating water at 20±0.1 • C. An electromagnetic shaker driven by one of the two outputs of a frequency synthesizer provides a clean sinusoidal acceleration g ext = a cos(2πf t), where f = 60 Hz is the excitation frequency and a is the maximum acceleration, proportional to the applied voltage V . The vertical modulation of the acceleration g ext is measured by a piezoelectric accelerometer and a charge amplifier. Two capacitive wire gauges, 0.1 mm in diameter, are placed on one diagonal of the cell, each one 2 cm away from its center. Screwed to the Plexiglass plate, they plunge perpendicularly to the fluid at rest. The measured capacitance is proportional to the local height of the waves, with a resolution 20 mm/V, as shown elsewhere [Falcon, 2007] . Increasing the control parameter V above a threshold V 1 , the flat surface is no longer stable to small perturbations and a pattern of standing waves appear through the Faraday instability [Faraday, 1831] . The temporal response to the sinusoidal gravity modulation at excitation frequency f of these waves is subharmonic. The surface waves make a pattern of squares with a wavelength λ = 4 mm. We have demodulated the local wave amplitude h(t) as
where A(t) is the complex amplitude and A(t) its complex conjugate and r(t) are higher frequency components. The higher harmonics in r(t) are at least two orders of magnitude smaller than the main subharmonic response when the pattern is fully developed. To extract the slow dynamics of the envelope |A(t)| we have used a phase-sensitive detection device driven by a carrier signal at frequency f /2. The carrier signal is taken from the second output of the frequency synthesizer to avoid spurious detunning between the harmonic and subharmonic modulations. In the demodulation process, the carrier and local wave amplitude signals are analogically multiplied. The product of both signals is low-pass filtered with a Butterworth filter of order 8 and a time constant of 100 ms. The resulting amplitude is separated in real and imaginary part. This process is similar to the demodulation processes used in fluid mechanics to extract slow dynamics of large amplitude gravity waves when wave-breaking appears [Melville, 1981 [Melville, , 1982 . The sampling frequency of the slow amplitude fluctuations is 0.1 kHz (or higher, as stated below), to ensure a good resolution of the amplitude singularities. We show in Fig. 2 typical temporal traces of the real and the imaginary parts (Re(A), Im(A)) of the complex envelope A(t) in the dynamical regime of interest where large fluctuations in the wave pattern occur, making possible the simultaneous cancellation of both Re(A) and Im(A), i.e. forming a defect. In this experimental configuration, defects are lines dividing two regions where the amplitude in one region is in phase opposition with respect to the other. In terms of the local wave amplitude a defect is a line where A = 0, meaning that both the imaginary and real parts of the complex amplitude A are simultaneously zero. These separation lines cross the container from one wall to the other along the pattern in every direction: from the upper to lower wall, from left to right or running through the diagonals of the container. The passage of these phase jumps along the separation line is measured punctually by the capacitive gauge.
Experimental Results: Statistical Analysis
Fixing the excitation frequency at f = 60 Hz and shifting the reduced control parameter = (V − V 1 )/V 1 from negative to a positive value, the first instability of the system occurs, where the standing parametric waves appear, oscillating at half the forcing frequency. At threshold ( = 0), only the subharmonic component in the wave system appears with a defined wave number k 0 given by the dispersion relationship ω 0 = ω(k 0 ) = πf . At this frequency, there is no observable detuning between the eigenfrequency ω 0 and πf [Petrélis, 2005] . Hence, demodulating the local wave amplitude response provides the constant amplitude of the envelope of the pattern. Increasing further, secondary instabilities develop either at zero wave number (drift instability) [Douady et al., 1991] or at finite wave number (oscillatory instability of the k 0 mode) , but due to the boundary conditions of the cell, only the latter appears, at a very low frequency δf (∼ 30 or 40 times the period of the basic pattern). These low-frequency oscillations appear one after the other as higher harmonics of δf when increasing slightly . There is a strong hysteresis in the oscillatory regime. For instance, the first hysteretic loop (in between oscillations at δf and 2δf ) ranges from = 0.7 to 0.9. In the process from the stationary amplitude regime where A is constant to the slowly oscillating one, no phase turbulence is observed. This is confirmed by extracting the local phase dynamics φ(t) of the complex envelope A(t) (φ = arg(A)). No abrupt fluctuations in its derivative are found, as it should be in the case of a phase-turbulent regime [Kuramoto, 1978; Sivashinsky, 1977; Shraiman, 1986] . After the secondary instabilities, defects appear in the wave pattern, as described above. We measure the local passage of a defect over the capacitive gauge by measuring in the temporal trace these singular points. A typical temporal trace of a defect profile in the wave pattern is shown in Fig. 3 .
The points where Re(A) = Im(A) = 0 are the points where the phase φ is ill-defined and a discontinuity appears. This singularity, which in this case is called a dislocation [Ashcroft, 1976] be destroyed when it arrives at the boundaries of the cell or when it collides with another, therefore acting as a dynamical mechanism to eliminate fluctuations from the system. There is a large correlation between the extrema of the phase derivativė φ(t) and the points where |A(t)| reaches its minima. The profile of a defect determined with this local measurement technique is asymmetric, due to the intrinsic dynamics of the defect: it passes through the capacitive gauge at nonzero speed, and through its propagation changes the wave pattern by moving the dislocation till it reaches one of the boundaries of the cell or another dislocation, thus vanishing. At this excitation frequency (f = 60 Hz), the passage time of a defect τ , i.e. the amount of time the amplitude |A| takes to go from its mean value to zero and back, is of the order of ∼ 0.1 s, an order of magnitude smaller than the oscillation period of the amplitude modulation described above. In this regime, several defects can go through the capacitive gauge, each one taking a different time to go through the capacitive gauge. The nucleation of a defect is a random event, happening at different places over the pattern. As we increase the control parameter, the time it takes to generate a defect that crosses the capacitive gauge decreases. In this state, we can study the statistical properties of the wave amplitude when this type of singularities control its dynamical evolution. It must be said that in the experimental configuration under study, where the pattern wavelength λ of the parametrically excited waves is small compared to the container size, defect formation and evolution does not depend on the size nor on the shape of the container, allowing us to study their intrinsic dynamics.
The probability distribution function (PDF) of the normalized amplitude |A|/ |A| is shown in Fig. 4 . Close to zero, the PDF shuts steeply to zero. This shows that the time of passage of defects is very small, and that they are singular events. It presents a maximum close to 2|A|/ A and an exponential tail for amplitude fluctuations of close to 1, the normalized mean value. For large fluctuations (|A|/ > |A| 2) the PDF goes to zero abruptly, due to the fact that no cusps, burst or ejection of droplets are seen in the experimental set-up: the wave pattern has still finite amplitude fluctuations. This is in contrast to the statistics of large amplitude events in the complex Ginzburg-Landau equation used to describe parametric waves [Douady, 1989; Aranson, 2002; Ott, 2003] . The theoretically predicted PDF is long-tailed and extreme fluctuations related to burst or pulses are possible. Here, the wave pattern cannot explore large amplitude events without wave breaking through droplet ejection, which we avoided. Cusps cannot occur because the wavelength of the basic pattern is larger than the capillary length γ/ρg ∼ 2 mm, which prevents the formation of blow-up singularities [Zeff, 2000] . The PDFs of the normalized real and imaginary parts of A do not present exponential tails (see inset in Fig. 4 ). Their kurtosis is close to 2, and a small degree of negative (positive) skewness appears for the real (imaginary) part. There is also a large anticorrelation (∼ −0.9) between them. Therefore, a Rayleigh distribution of wave amplitudes [Papoulis, 1984] cannot fit the experimental PDF.
The appearance of this type of events changes the dynamical behavior of the wave pattern amplitude, as we can see from its power spectral density (PSD) in Fig. 5 . In the regime dominated by the secondary oscillatory instabilities, the PSD of the amplitude fluctuations is peaked at δf and its harmonics. When defects appear in the system, a power-law type of spectral density for |A| over one decade appears for frequencies larger than δf . The frequency domain where this spectrum is observed is bounded by a maximum frequency of the order of 1/6. Therefore, the dynamics of |A| ∼ 0 is responsible for the scale-invariant spectral fluctuations. The computed slope is close to −5.0. For smaller frequencies than δf we see the f −1 type of spectrum, related to slow modulations of the large scale wave amplitude. At large frequencies compared to δf , a peak at f/2 appears with a bandwidth of the order of ∼ 10 Hz. It is the harmonic component of the basic pattern that oscillates at f , shifted to f/2 due to the phase-sensitive detection. Note that this power-law spectrum cannot be deduced from just the singularities of the derivative of |A| when it approaches zero. In that case, its PSD would be the one of derivative discontinuities, i.e. ∼ f −4 . We have changed the sampling frequency from 0.1 to 5 kHz. No substantial difference in the slope has been observed. The resolution of the defect core does not affect the slope of the spectrum. This is confirmed when the excitation frequency is changed from 60 to 120 Hz to make the wavelength smaller.
Conclusions
In a defect-mediated turbulent regime, we have studied experimentally the statistical properties of the local amplitude of stationary parametric waves. Contrary to theoretical predictions, the probability density function of the local wave amplitude reveals no long-tailed distribution for large fluctuations. It decreases strongly to zero for |A| > 2 |A| , showing the finite character of the amplitude fluctuations. The power spectral density of these fluctuations displays a power-law ∼f −5 for frequencies between δf (the secondary oscillatory instability frequency) and f/2 (the basic pattern oscillation frequency) over one decade. This scale-invariant behavior is interpreted as the signature of defect-mediated turbulence in the wave system when these singularities start to dominate the amplitude dynamics. Although corroboration of this fact was made by mere optical observation with a stroboscopic light driven at f/2, spatial Fourier analysis should be made in order to study experimentally the longrange interaction of defects in this type of systems or the possible dependence of the pattern geometry on their interaction.
